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BACKGROUND OF THE INVENTION 

[0001] The present invention relates to electronic devices for detecting a cardiac 
arrhythmia and in particular to a device providing improved patient mobility and reliable 
long-term monitoring. 

[0002] The human heart normally beats anywhere from 60 to 80 beats per minute when a 
person is at rest. Diagnosis of cardiac arrhythmias normally requires that a qualified 
professional review an electrocardiograph (ECG) in which the electrical impulses from 
the heart are recorded and displayed in chart form. The electrical impulses are measured 
by electrodes attached at a number of locations to the patient's chest. Certain episodes of 
cardiac arrhythmias, although serious, can be unnoticed by the patient. For example, it is 
desirable that chronic atrial fibrillation be treated within 48 hours of its onset. 
[0003] One possible solution is the use of a "cardiac event recorder", a portable ECG 
recording device carried by the patient and communicating with electrodes worn under 
the patient's clothing and adhesively attached to the patient's skin. Such recorders may 
provide algorithms for monitoring the ECG signal and may report to the users, for 
example, that atrial fibrillation has begun. Recorders of this type may also record a 
rolling "window" of ECG data using solid state computer memory. In this latter case, the 
recorded ECG data may be transmitted over phone lines or the like for review by a 
qualified physician. 

[0004] Unfortunately, the cardiac event recorder is not a practical tool for providing a 
warning of the onset of certain cardiac arrhythmias that can occur unexpectedly at any 
time in later life. The need for the patient to carry the cardiac event monitor about during 
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the day and the continuous attachment of electrodes is impractical for long term 
monitoring that may span decades. 

[0005] What is therefore needed is a less cumbersome, and more patient-friendly, 
apparatus and method for detecting cardiac arrhythmias than currently achieved. 

BRIEF SUMMARY OF THE INVENTION 

[0006] The present inventors have recognized that monitoring ECG signals at a regular 
daily time for a brief period can reliably detect incidences of an arrhythmia. Such regular 
monitoring can be provided by a unit, which makes only momentary electrical contact 
with the patient, possibly contact with the patient's hands. An immediate evaluation of 
the patient's ECG signals is made, and if no arrhythmia is found, the patient is so 
informed and may go about his or her business for the remainder of the day, 
unencumbered by monitoring leads and equipment. The present invention thus opens the 
possibility of extremely long term monitoring of at risk patients with minimal 
intrusiveness to the patient's daily life. 

[0007] Specifically then, the present invention provides a monitor for determining the 
existence of an arrhythmia including a first and second momentary contact electrode sized 
to contact the patient. A detector circuit communicates with the first and second 
momentary contact electrodes and executes a stored program to receive an ECG signal 
from a patient touching the first and second momentary contact electrodes and detect a 
likelihood that the patient is experiencing an arrhythmia. An output signal is provided to 
the patient if the likelihood is above a predetermined threshold. 

[0008] Thus it is one object of the invention to provide a method for monitoring a patient 
for an arrhythmia that is far less intrusive than typical cardiac evaluation monitors using 
chest electrodes and thus which makes long term monitoring possible. 
[0009] The first and second momentary contact electrodes may be portions of handles 
graspable by the patient's right and left hand or may be finger pads or posts sized to 
contact the patient for an ECG reading. 

[0010] Thus it is another object of the invention to provide for tabletop or even smaller 
monitor implementations, the latter of which may be easily carried with the patient. 
[0011] The output to the patient may be an illuminating indicator indicating whether an 
arrhythmia was found, or an LCD display, vibrating motor, or audible alarm. 
[0012] Thus it is another object of the invention to provide immediate feedback to the 
patient as to whether there is a likelihood of an arrhythmia. 
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[0013] The monitor may include a recording media and the detector circuit may record 
the received ECG signals subsequent to the patient touching the first and second 
momentary contact electrodes. The ECG signals may be the patient's current ECG 
signals or those recorded previously during the patient's use of the device. 
[0014] Thus it is another object of the invention to provide not only indication to the 
patient of a likely episode of an arrhythmia, but also provide a recording of the ECG 
signals for review by a qualified healthcare professional. 

[0015] The monitor may include a communication circuit and the detector may 
communicate the ECG signals to the communication circuit for transmission to a remote 
site. 

[0016] Thus it is another object of the invention to simplify the process of reviewing the 
ECG signals by allowing the data to be readily communicated over communication 
media. 

[0017] The monitor may include an alarm clock circuit providing a second output signal 

to the patient to remind the patient to grasp the electrodes. Further, the monitor may 

include a text display communicating with the detector circuit to provide text messages 

instructing the patient in touching the first and second momentary contact electrodes and 

remaining in contact with the elements prior to generation of the output signal. 

[0018] Thus it is another object of the invention to provide features to simplify operation 

of the device and to encourage the patient in regular use of the device. 

[0019] The monitor may include a cascading memory for storing acquired ECG signals. 

ECG signals are tagged with a time of acquisition. 

[0020] Thus it is an other object of the invention to replace older acquired ECG data with 
more recent ECG data. 

[0021] The monitor may include a nonvolatile memory for storing baseline ECG data that 
can be compared to recently acquired ECG data to determine whether a prolonged QT 
interval exists. 

[0022] Thus it is another object to enable comparisons between recently acquired ECG 
data for a given patient and historical ECG data from the patient. 
[0023] The monitor may perform more than one method to determine whether an 
arrhythmia exists. 

[0024] Thus it is another object to provide redundancy when detecting the presence of an 
arrhythmia. 



4 



[0025] The foregoing objects and advantages may not apply to all embodiments of the 
inventions and are not intended to define the scope of the invention, for which purpose 
claims are provided. In the following description, reference is made to the accompanying 
drawings, which form a part hereof, and in which there is shown by way of illustration, a 
preferred embodiment of the invention. Such embodiment also does not define the scope 
of the invention and reference must be made therefore to the claims for this purpose. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] Fig. 1 is a perspective view of a device for monitoring at least one of a plurality of 
arrhythmias as constructed according to the present invention showing handles for 
supporting electrodes to be grasped by the patient, a patient display, and connections for 
receiving power and communicating on the phone system; 

[0027] Fig. 2 is a block diagram of the components of the device of Fig. 1 showing 
connection of the electrodes through an ECG amplifier to an analog to digital converter to 
be received and processed by a microcontroller having memory for storage of ECG 
signals; 

[0028] Fig. 3 is a flow chart showing steps executed by the microcontroller of Fig. 2 in 
processing ECG signals from the patient; 

[0029] Fig. 4 is a flow chart similar to Fig. 5 showing additional steps taken for 
automatically downloading ECG data to a remote location for review; 
[0030] Figs. 5a and 5b are views similar to that of Fig. 1 of an alternative embodiment for 
a compact atrial fibrillation device using finger pad electrodes or post electrodes instead 
of electrodes supported in handles; 

[0031] Fig. 6 is a diagram showing the path of information flow from the device to a 
central monitoring station for review by a qualified healthcare professional and later 
communication to the patient and/or the patient's physician; 

[0032] Fig. 7 is a flow chart showing operation of a computer of the central monitoring 
station in managing the information flow of Fig. 6; 

[0033] Fig. 8 is a schematic diagram of a cascading memory constructed in accordance 
with the preferred embodiment; 

[0034] Fig. 9A is a schematic diagram of an arrhythmia-free ECG signal; 

[0035] Fig. 9B is the diagram illustrated in Fig. 9A with annotations to demonstrate 

various parts of the ECG signal; 

[0036] Fig. 10 diagram similar to Fig. 9, but illustrating atrial fibrillation; 
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[0037] Fig. 1 1 is a diagram similar to Fig. 9, but illustrating atrial flutter; 
[0038] Fig. 12 is a diagram similar to Fig. 9, but illustrating bradycardia; 
[0039] Fig. 1 3 is a diagram similar to Fig. 9, but illustrating atrial tachycardia; 
[0040] Fig. 14A is a diagram similar to Fig. 9, but illustrating ventricular tachycardia; 
[0041] Fig. 14B is a diagram similar to Fig. 14 A, but illustrating ventricular tachycardia 
with inverted P- waves; 

[0042] Fig. 15 is a diagram similar to Fig. 9, but illustrating ventricular fibrillation; 
[0043] Fig. 16 is a flow chart illustrating steps to detect an arrhythmia; 
[0044] Fig. 17 is a flow chart illustrating the steps to generate a model of baseline data, as 
illustrated in Fig. 16; 

[0045] Fig. 18 is a flow chart illustrating the steps to analyze acquired ECG signals, as 
illustrated in Fig. 16; and 

[0046] Fig. 19 is a block diagram of the components of an ECG monitor constructed in 
accordance with an alternate embodiment. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0047] Referring now to Fig. 1, a cardiac arrhythmia monitor 10 includes a housing 12 
suitable for sitting on a tabletop, such as a nightstand or dresser. Monitor 10 is preferably 
portable and hence battery powered. Alternatively, a power cord 1 4 can extend from 
monitor 10 and be plugged into a wall outlet (not shown). A phone line connector cord 
16 extends from monitor 10 and can plugged into a conventional phone jack 18. A 
programming connector 17 is also provided to allow programming of the monitor 10 by a 
qualified healthcare professional prior to use by a patient as will be described. While 
monitor 10 is particularly well-suited for detecting atrial fibrillation, monitor 10 can also 
be used to detect a plurality of other cardiac arrhythmias, as is described below. 
[0048] The upper surface of the housing 12 includes a right and left handle, 20 and 22 
respectively, providing on their undersurfaces momentary contact electrodes 24. 
Momentary contract electrodes 24 may be bare metal surfaces, such as stainless steel 
plates, and are distinguished from conventional ECG electrodes by the absence of 
adhesive or other methods of affixing the electrodes to the patient's skin and retaining 
them there. The electrodes 24 each contact one of the patient's hands when the patient 
grasps the left handle 20 in the patient's left hand and the right handle 22 in the patient's 
right hand. Those skilled in the at will appreciate that alternative electrode materials 
could be used. Alternatively still, electrodes 24 can be capacitively coupled using 
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techniques well known in the art, and described in US Pat. No. 4,922,375, the disclosure 
of which is hereby incorporated by reference. 

[0049] One or more indicator lights 26 is positioned on the top surface of the housing 12 
to provide an indication to the patient of the condition of the patient's heartbeat. In the 
preferred embodiment, the indicator light 26 shows green when no irregularities are found 
in the patient's heartbeat and red when a cardiac arrhythmia is detected. The red light can 
be constantly illuminated or blinking depending on the cardiac arrhythmia that has been 
detected. For instance, detecting either a prolonged QT interval or a ventricular 
tachycardia will prompt a blinking red light. 

[0050] A grating 28 in the housing 12 may provide for communication of an audio, such 
as a tone or the message from an underlying speaker (not shown in Fig. 1). The audio 
may be used to remind the patient to take a reading or to provide instructions to the 
patient and/or as a redundant indication of the detection of an arrhythmia augment the 
indicator light 26. An LCD display 30 may provide for a graphic output including text 
instructions to the patient as will be described below. Alternatively, monitor 10 may 
include a motor (not shown in Fig. 1 ) that vibrates either along with, or instead of, the 
audio and/or LCD display 30. 

[0051] Referring now to Fig. 2, the electrodes 24 are received by an ECG amplifier 32 of 
a type well known in the art and providing for noise rejection and ground referencing of 
the ECG signal. The output of the ECG amplifier 32 is provided to an analog to digital 
converter 34 to be converted to a set of digital signals that may be received by 
microcontroller 36. 

[0052] Microcontroller 36 combines a microprocessor with one or more input/output 
ports and incorporates both volatile and non- volatile memory 38, the former holding 
programming and baseline data and the latter providing a space for storing ECG signals. 
Two of the input/output ports are connected to red and green indicator lamps 40 providing 
light sources for the indicator light 26. A third input/output port is connected to a speaker 
or piezoelectric audio transducer 42 for providing tones or voice messages as may be 
appropriate to remind the patient to take a measurement of his or her heartbeat and/or to 
provide messages for operation of monitor 10. A fourth set of input/output lines are 
connected to modem 44 which is connected to phone line connector cord 1 6 for 
communication of data over the telephone lines using standard data communication 
protocols. The modem may either be connected directly to the telephone lines, or may 
alternatively be connected to a speaker that would output acoustic signals into a telephone 
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handset for the transmission of ECG data. While telephone lines are implemented in 
accordance with the preferred embodiment, it should be easily appreciated that the data 
transfer could be accomplished using one of many well-known alternative communication 
systems, such as the Internet, as will be described in more detail below. A fifth set of 
input/output lines is provided to the programming connector 1 7 such as allows 
programming of various parameters of operation of the monitor 10 as will be described 
below. Finally, a sixth set of input/output lines is connected to a motor 45 that vibrates as 
appropriate to remind the patient to take a measurement of his or her heartbeat and/or to 
provide an indication that a cardiac arrhythmia has been detected. 
[0053] Referring now to Fig. 3, the program of the microcontroller 36 may include an 
alarm clock routine 46 executing in parallel with the main program to provide alarm clock 
type functions well known in the art and, in particular, a tone at a regular time to remind 
the patient to use the monitor 10. This alarm clock routine operates according to well- 
known algorithms and the alarm time (and current time) may be set by attaching the 
monitor 10 to a programming computer via the programming connector 17. 
Alternatively, setting controls (not shown) may be provided on top of the housing 12 in 
the manner of a conventional electronic alarm clock. 

[0054] The program of the microcontroller 36 also executes a loop indicated by decision 
block 48 detecting an ECG signal such as would indicate a connection by the patient's 
hands to the electrodes 24. This loop may simply detect the presence of an ECG signal 
detected by monitoring the output of the analog to digital converter 34 or may detect a 
resistance drop between the electrodes using separate circuitry well known in the art. 
[0055] Upon placement of the user's hands on the electrodes 24, the microcontroller 36 
starts a timer as indicated by process block 50 and may provide a text display through 
LCD display 30 or a voice message through audio transducer 42 to the user indicating 
that ECG acquisition is being performed and instructing the user to retain his or her hands 
in position until the full elapsed time has expired. The timer value may also be displayed. 
[0056] Following the starting of the timer, as indicated by process block 52, data is 
acquired by progressively taking samples from the analog to digital converter 34 and 
storing them in memory 38. The present invention recognizes that stored data can be 
analyzed to detect a plurality of noteworthy arrhythmias. 

[0057] Referring now to Fig. 8, a cascading memory 5 1 is provided in volatile memory in 
accordance with the preferred embodiment. Memory 5 1 includes a plurality of storage 
locations (anywhere from 5 to 100 slots in accordance with the preferred embodiment), 
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each storage location storing a sample of acquired ECG data. Each acquired ECG data 
sample is tagged, either by microcontroller 36 or locally in memory 38, and stored in a 
memory storage location (e.g., one of slots 1-5), which is determined to be that storage 
location currently holding the oldest sample of volatile ECG data, as determined by the 
tag 55 associated with the data. The tag can either be a time stamp, an indicator that can 
be compared to indicators of the other stored data to determine the chronological order of 
the stored data, or any other suitable age indicator. In accordance with the preferred 
embodiment, the tag is a timestamp including a number of ticks that occur at a 
predetermined time (e.g., every minute). The oldest ECG data would then be identified 
by the timestamp with the greatest number of ticks. Accordingly, oldest ECG data is 
constantly replaced with newly acquired data. 

[0058] Alternatively, only that ECG data indicating a likely arrhythmia can be stored in 
the storage locations. Alternatively still, all ECG data can be stored, whereby the tag 
would include an indication of whether the stored ECG data is normal or whether it 
indicates an arrhythmia and, if so, which arrhythmia. 

[0059] The cascading memory thus enables the patient to transmit recent historical ECG 
data along with the recently acquired ECG sample to a physician or other evaluating 
personnel, along with the previously stored ECG data, if desired. 
[0060] In addition to, or separately from, the cascading memory scheme, the present 
invention recognizes the advantages in storing baseline data for a given patient either in 
nonvolatile memory, or in volatile memory in a memory storage location (e.g., "slot 0") 
that is not erased during normal operation. The baseline data is preferably stored in 
FLASH memory, such that the data would not be erased upon a battery changes. The 
baseline data can include one or more of various data samples, including a baseline ECG 
data sample for the patient. The baseline ECG data can be compared with subsequent 
ECG samples to determine whether the patient is suffering from a prolonged QT interval, 
as will become more apparent form the description below. The shape of the QRS 
complex for the baseline ECG data can also be stored, either as the waveform itself or by 
storing critical data points that adequately describe the waveform shape. It should 
furthermore be appreciated that baseline data samples can be stored in nonvolatile 
memory on a regular basis (for example once every year) to identify trends in the 
patient's ECG data. 

[0061] Other baseline data can be stored and compared when analyzing a patient's real- 
time ECG data in order detect whether a patient is experiencing a cardiac arrhythmia. 
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Moreover, if an arrhythmia is detected, the baseline data can identify the type of cardiac 
arrhythmia among a list of potential arrhythmias being tested for. This type of baseline 
data is referred to as "sample" baseline data throughout this description, and is described 
in more detail below. 

[0062] A stop timer signal, as indicated by process block 53, concludes the acquisition of 
ECG data and signals the patient that he or she need no longer grasp the electrodes. The 
time interval for the acquisition of ECG signals is normally between several seconds (e.g., 
2-3 seconds) and a few minutes (e.g., five minutes) and substantially less than a day, as is 
typical for use with conventional cardiac evaluation monitors. 

[0063] Referring to Figs. 9A-B, a normal ECG signal 150 is illustrated and includes a P 
wave 152 followed by a QRS 154 complex, which is followed by a T wave 156. The 
QRS complex includes an initial base (Q) 158, a peak (R) 160, and a final base (S) 162. 
The P wave 152 has an amplitude that is approximately equal to 10% of the amplitude of 
peak 160, while the T wave 156 has an amplitude that is approximately equal to 25% of 
the amplitude of the peak 160. 

[0064] A number of arrhythmias can be diagnosed based on a patient's ECG data. 
Supraventricular tachycardia, for instance, includes atrial fibrillation and atrial flutter. 
Atrial fibrillation develops when a disturbance in the electrical signals causes the two 
upper atrial chambers of the heart to quiver rather than pump correctly. When the 
quivering occurs, not all of the blood is forced out of the heart's chambers. The blood 
can pool inside the atrium and, at times clot. Blood clots can cause a number of health 
problems, including a stroke if they break away and block an artery in the brain. As 
illustrated in Fig. 10, an ECG signal 164 of a person experiencing atrial fibrillation does 
not present a P wave. Moreover, the R-R interval (defined as the length of time between 
R peaks of adjacent QRS complexes) is irregular when a patient is experiencing atrial 
fibrillation. 

[0065] Atrial flutter occurs when the atria are stimulated to contract regularly at an 
accelerated rate (e.g., 200-350 beats per minute), typically as the result of electrical 
impulses traveling in a circular fashion around the atria. As illustrated in Fig. 1 1 , atrial 
flutter waves (F waves) are present instead of P waves in an ECG signal demonstrating 
atrial flutter 166. F waves 168 are generally larger than P waves, and present a saw- 
toothed waveform. A whole number fixed ratio of flutter waves to QRS complexes can 
typically be observed, for instance 2:1, 3:1 or 4:1 
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[0066] It should be appreciated that the present device, while well-suited for the detection 
of atrial fibrillation and atrial flutter, can also detect other cardiac abnormalities if they 
happen to be occurring at the time of the reading. Patients known to be predisposed to 
some of these abnormalities, which are more serious and require more immediate 
attention than atrial fibrillation, should be monitored regularly, as opposed to using the 
momentary contacts of the present invention. Nevertheless, for patients who do not know 
about these abnormalities, it is desirable for the present invention to also detect these 
more serious conditions when monitoring for less urgent arrhythmias, such as atrial 
fibrillation, atrial flutter, or the like. 

[0067] Bradycardia occurs when a person's heartbeat is slowed (typically less than 60 
beats per minute), causing the patient to feel fatigued, dizzy, and lightheaded. 
Bradycardia can also cause fainting spells. As illustrated in Fig. 12, the ECG signal 
demonstrating a bradycardia rhythm 170 is similar to a normal rhythm, except that the R- 
R interval is longer and, occasionally, the P-waves might be abnormally wide. 
[0068] Atrial tachycardia occurs when the rhythm is accelerated (e.g., greater than 100 
beats per minute). This condition can cause inefficient blood circulation, thereby causing 
a patient to feel palpitations, rapid heart action, dizziness, and lightheadedness. As 
illustrated in Fig. 13, the rhythm 172 for atrial tachycardia is similar to normal ECG 
rhythm 150 with the exception that the RR interval is shorter (e.g., less than 0.6 seconds). 
At very rapid rates, the P-waves might become superimposed on the preceding T waves 
such that the P waves are obscured by T waves. 

[0069] Ventricular pauses are detected upon an abrupt halting of the heart rate (i.e., one 
or more dropped heartbeats) and can be detected when the RR interval is greater than 
twice a predetermined "normal" value. 

[0070] Premature ventricular contractions (PVC's) occur when the ventricles beat 
prematurely before the normal electrical activation sequence of the heart has occurred, 
which can cause palpitations. 

[0071] Ventricular arrhythmias that affect the beating of the ventricles are more severe 
than those described above. Ventricular tachycardia occurs when electrical impulses 
originating from the ventricles cause rapid ventricular depolarization (e.g., 140-250 beats 
per minute). During ventricular tachycardia pumping blood is less efficient because the 
rapid ventricular contractions prevent the ventricles from filling adequately with blood. 
As a result, less blood is pumped to the body. The reduced blood flow to the body causes 
weakness, dizziness, and fainting. As illustrated in Fig. 14 A, the QRS complexes 154 of 
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a ventricular tachycardia rhythm 1 74 are wide and chaotic. Alternatively, as illustrated in 
Fig. 14B, rhythm 174 can demonstrate inverted P-waves, resulting from ventricular 
impulses that are conducted backwards to the atria in some instances. 
[0072] Ventricular fibrillation occurs when parts of the ventricles quiver and beat 
ineffectively in a chaotic, uncoordinated manner, thereby stopping the pumping action 
necessary to circulate blood throughout the body. The ECG in ventricular fibrillation 
shows random, apparently unrelated waves. Usually, as illustrated in Fig. 15, no QRS 
complex is recognizable in a ventricular fibrillation rhythm 176. 

[0073] A prolonged Q-T interval also can, at times, indicate a potentially fatal arrhythmia 
if not treated, and can be detected by examining the Q-T intervals in recently acquired 
ECG data with Q-T intervals from baseline ECG data. For instance, a prolonged Q-T 
interval can be detected if the Q-T interval in recently acquired data reaches or exceeds a 
predetermined threshold greater than the baseline data. 

[0074] After a suitable amount of data has been collected, analysis of the ECG signal for 
atrial fibrillation or other arrhythmia is begun using a predetermined method, as indicated 
by process block 54. Such methods are well known to those having ordinary skill in the 
art, as described in U.S. Patent No. 5,350,404, the disclosure of which is hereby 
incorporated by reference. For instance, atrial fibrillation can be detected by measuring 
the time interval between adjacent R waves (the R-R interval). If the R-R interval is 
chaotic (meaning that the interval varies from interval-to-interval beyond a predetermined 
variance threshold well known in the art), then it is determined that the patient is 
experiencing atrial fibrillation. 

[0075] Step 54 can also test for other cardiac arrhythmias. In particular, step 54 can test 
for atrial flutter by determining the presence of F waves in the acquired ECG data. 
Likewise, Bradycardia can be detected if the length of the R-R interval is greater than a 
preset threshold. The threshold can be determined based on the user's R-R interval 
during a normal ECG signal. Tachycardia can be determined by measuring the R-R 
interval (e.g., less than .6 seconds). Ventricular fibrillation can be detected from the 
nonexistence of a QRS complex. Ventricular tachycardia can be determined by 
comparing the shape of the QRS complexes to previously stored QRS complexes, which 
were acquired for the user during a period of normal ECG data. If the recently obtained 
QRS complexes are wide and chaotic compared to previously stored data, step 54 would 
determine that the user is experiencing ventricular tachycardia. 
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[0076] While methods have been described above to determine whether acquired ECG 
data demonstrates one of several possible cardiac arrhythmias, the present invention 
recognizes the advantages of redundancy, and hence can perform more than one method 
to determine the likelihood of an arrhythmia. In accordance with the preferred 
embodiment, a second method used to detect an arrhythmia involves comparing recently 
acquired ECG data with the previously stored sample baseline data described above. In 
particular, sample baseline data is acquired and modeled for a normal ECG signal along 
with each of the arrhythmias described above. Data from the acquired ECG signal is then 
compared to models associated with each of the normal ECG signal and arrhythmias, and 
a likelihood is determined, based on the comparison of the acquired data to the models, 
which of the previously generated models best matches the recently acquired ECG data. 
Based on the matched models, monitor 1 0 can determine whether an acquired ECG signal 
is normal, or that the ECG signal matches an arrhythmia. If either of the two methods for 
detecting an arrhythmia describe herein conclude that an arrhythmia exists, the patient 
will be alerted, as is described in more detail below. Alternatively, both methods would 
indicate a positive reading before it is determined at process block 54 that the patient is 
experiencing an arrhythmia. 

[0077] Referring now to Fig. 16, the secondary arrhythmia detection method 200 can be 
included, and begins at step 202, whereby a plurality of baseline ECG data samples is 
acquired in a programming computer, which can be the same programming computer 
described above, or a central computer that can communicate via telephone with a 
plurality of monitors 10. 

[0078] Each sample of data can either be of the patient (patient-dependent), or the data 
can be acquired from a pool of a predetermined number of patients (patient-independent) 
and averaged to derive a sample for a given rhythm class (i.e., normal data or a specific 
arrhythmia that is to be tested). The patient currently being tested need not be part of the 
pool that provides the patient-independent data. Because the likelihood of obtaining 
sample data from the patient for all conditions is low, and because patient-independent 
samples have been found to be robust and reliable during operation, patient-independent 
data samples are preferred. Data samples are preferably obtained for normal ECG data 
(i.e., data not exhibiting an arrhythmia), along with data samples for each arrhythmia that 
is to be tested for during operation. 

[0079] Next, at step 204, a model is generated for each ECG rhythm including any and all 
of the arrhythmias listed above along with an arrhythmia-free ECG rhythm from the data 
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samples. In particular, referring now to Fig. 17 at step 210, each data sample (which 
corresponds to a predetermined ECG rhythm) is first filtered through band pass filters 
several times to divide the signal into a plurality of sub-banded signals (between 1 and 10, 
more preferably between 4 and 6, and more preferably 4) based on the frequency range of 
each sub-banded signal. In accordance with the preferred embodiment, the four signals 
are divided into frequency ranges of 0.5-5 Hz, 5-10 Hz, 10-20 Hz, and 20-30 Hz. It 
should be appreciated that any suitable set of frequency ranges could be used. 
Furthermore, each signal can be tagged, if desired, to maintain the identity of the signal. 
[0080] At step 212, each sub-banded signal is segmented into a plurality segments of 
fixed lengths, the length being dependant upon the time period needed to enable accurate 
ECG assessment. It is desirable to reduce the length of the segment while, at the same 
time, enabling reliable data. In accordance with the preferred embodiment, the fixed 
segments are greater than one second, and more preferably equal to or greater than two 
seconds. Next, at step 214, a reconstructed phase space (RPS) is generated for each 
segmented signal. The RPS is produced by plotting the original signal on an axis (e.g., 
the "x" axis) against multiple modified versions of the signal on other axes (e.g., the "y" 
and "z" axes). In accordance with the preferred embodiment, a modified signal is phase 
shifted relative to the original signal. The phase shift is preferably constant, and achieved 
by lagging behind the original signal by a predetermined fixed amount t or multiples of t 
(e.g., 2*t). Phase shifted curves are produced in a multi-dimensional space, which has 
been empirically optimized as a 3 -dimensional space with a lag of 20 data points in 
accordance with the preferred embodiment. Accordingly, the original segmented curve 
along with two phase-shifted curves are plotted in a 3-dimensional space (i.e., phase 
space). 

[0081] At step 214, the phase space can optionally be normalized based, for example, on 
the average unit distance to the center of the phase space. Each sub-banded segment is 
normalized by dividing each point in the RPS by the average point radial distance in the 
RPS from the origin. The normalization removes the patient-independent differences in 
the amplitude of the signals. At step 216, the normalized RPS of the sub-banded segment 
is added to the RPS of the other sub-banded segments. Next, at decision block 218, it is 
determined whether the phase space has been produced and combined for all segments of 
the current rhythm. If not, the next segment is selected in block 220 and steps 210-216 are 
repeated for the next segment. 
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[0082] Once the phase space has been produced and combined for all segments of the 
rhythm, process 204 proceeds to step 222, whereby a Gaussian Mixture Model (GMM) is 
created for the combined RPS for all sub-banded RPSs of a given rhythm type. GMMs 
are well known in the art, and are described, for instance, in Richard J. Povinelli, Michael 
T. Johnson, Andrew C. Lindgren, Jinjin Ye (in press) "Time Series Classification using 
Gaussian Mixture Models of Reconstructed Phase Spaces," IEEE Transactions on 
Knowledge and Data Engineering, the disclosure of which is hereby incorporated by 
reference as if set forth in its entirety herein. In particular, a set of GMMs are produced 
that statistically model the density of points in the combined reconstructed phase space. 
In accordance with the preferred embodiment, twenty Gaussian equations are produced 
for a given phase space. Once the GMMs are produced for a given sub-banded phase 
space, it is determined at decision block 224 whether all the sub-bands for the desired 
rhythm have been modeled. If not, the next sub-band is selected at step 226, and steps 
212-224 are repeated for all remaining sub-bands of the desired rhythm. Once all sub- 
bands have been completed for a desired rhythm, it is determined at decision block 228 
whether all desired rhythms have been modeled. If not, the next rhythm is selected at step 
230, and steps 210-228 are repeated for all remaining rhythms. Once all rhythms have 
been completed, process 204 proceeds to step 206 at step 229. 
[0083] Referring again to Fig. 16, the GMMs for each rhythm are downloaded into 
monitor 10, and stored in nonvolatile memory 38 at step 206. Alternatively, GMMs 
could alternatively be downloaded into memory 38 upon completion of each rhythm. It 
should be appreciated that the 202-206 are preferably be performed preparatory to a 
patient using monitor 10 for ECG analysis. Next, referring to Fig. 18, monitor 10 
performs an analysis 208 to determine whether ECG data for a patient exhibits an 
arrhythmia. In particular, at step 232, once ECG data is obtained for a given patient in the 
manner described above, microcontroller 1 0 band pass filters the acquired data into sub- 
bands in the manner described with respect to step 210. Next, at step 234, 
microcontroller 36 calculates a normalized phase space for the acquired data in the 
manner described above, and stores the phase space in volatile memory. Next, at step 
236, microcontroller 36 compares the points that comprise the phase space calculated at 
step 234 to each GMM related to the sample baseline data for the current sub-band and 
calculates the probability that the acquired signal is a particular rhythm. Next, at decision 
block 238, it is determined whether all of the sub-bands have been analyzed. If not, the 
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next sub-band is selected in block 240 and steps 234-238 are repeated for the next 
segment. 

[0084] At step 242, the probabilities calculated in step 236 are combined for each rhythm. 
At step 244, microcontroller 36 determines which set of GMMs most closely describes 
the points in the phase space calculated at step 242. In particular, at step 244, 
microcontroller 36 determines that the patient's recently acquired ECG sample is either 
normal or arrhythmatic (and if so, which arrhythmia is matched) at step. At step 246, 
process 208 reverts to decision block 58 illustrated in Fig. 3. 

[0085] Method 200 is further described in a publication entitled "Rhythm Classification 
Using Reconstructed Phase Space of Signal Frequency Sub-bands" by Felice M. Roberts, 
Richard J. Povinelli, and Kristina M. Ropella in Computers in Cardiology 2003, the 
disclosure of which is hereby incorporated by reference as if set forth in its entirety 
herein. 

[0086] Upon completion of the ECG signal analyses, an arrhythmia will be deemed to 
exist at decision block 58 when any of the methods described above indicate the existence 
of a cardiac arrhythmia. Advantageously, the present invention provides a redundant 
system for detecting arrhythmias, including atrial fibrillation, which is the most common 
arrhythmia among humans. If no arrhythmia was found by any of the methods, as 
determined by decision block 58, then the green indicator lamp 40 is illuminated and a 
text display may be provided to the patient via LCD display 30 indicating that no atrial 
fibrillation was found per process block 60. This outcome may be stored in memory 38 
along with the ECG data and the memory 38 may hold ECG data and outcomes from 
previous measurements as a backup matter. 

[0087] If an arrhythmia is detected then the program proceeds to process block 62 and the 
red indicator lamp 50 is illuminated. Lamp 50 can be illuminated in various patterns to 
convey a particular arrhythmia (or class of arrhythmias) to the patient. Alternatively still, 
a plurality of colored lights can be provided, each color corresponding to an individual 
arrhythmia or class of arrhythmias, such that illumination of a given light will alert the 
patient to the arrhythmia, or type of arrhythmia, that has been detected. Alternatively 
still, a text display can alert the user as to the detected arrhythmia. 

[0088] With the indications of an arrhythmia, the patient may be instructed (or have been 
previously instructed) to call his or her physician and arrange for an in-office ECG to be 
taken. 
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[0089] Alternatively, as shown in Fig. 4, the microcontroller 36 may undertake additional 
steps after process blocks 60 and 62. Specifically, after the green light at process block 
60 has been displayed, the microcontroller 36 may communicate with the modem 44 (or 
alternate communication system) to communicate with a central computer and report 
patient compliance in taking the measurement per process block 61 . The transmitted data 
may include a time and a patient identification, the latter stored in memory 38 and 
preprogrammed there via the programming connector 17 prior to receipt of monitor 10 by 
the patient per process block 63. Optionally, the compliance signal may only be sent if a 
valid ECG signal was obtained. 

[0090] When an arrhythmia is indicated at process block 62, instructions may be 
provided to the patient that data will be transmitted to a central location and the patient is 
to wait for a confirming phone call, per process block 64, or to call the patient's 
physician. At succeeding process block 66 the modem 44 or alternate communication 
system is activated, and at process block 68 a download of the data and the patient 
identification is sent to the central location. The data may be reviewed there by the 
patient's physician. 

[0091] As described above, instead of a modem 44 linked to phone lines either directly or 
via an acoustic coupler, alternative communication systems may be used. For example, 
the ECG data may be transmitted to a personal computer for subsequent transmission to 
the central location via the Internet. The personal computers could further be used to 
store the ECG data either internally or on a storage medium such as a disc. Data may be 
communicated to the personal computer using one of many possible communication 
circuitries. For example, the monitor 10 may include a data transfer port, such as a 
Universal Serial Bus (USB), parallel, or serial port that is in communication with a 
corresponding port on the personal computer. Alternatively, the monitor may 
communicate with the computer via wireless communication, via, for example, an 
infrared communications link. Alternatively still, Bluetooth™ wireless technology may 
be implemented by installing a Bluetooth microchip incorporating a radio transceiver for 
communication with a corresponding Bluetooth microchip located in the personal 
computer. 

[0092] Referring again to Fig 2, the electrodes 24 may be spring-loaded to recess into the 
housing 12 slightly when pressed and thus may serve as operators for switches 25 
communicating with the microcontroller 36 to provide a signal indicating that the device 
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is being used (detected by process block 48) or to apply power to the device in the case 
where it is battery operated and power must be conserved. Either or both electrodes 24 
may be thus connected to switches which may also be used to indicate to the user that the 
necessary pressure is being applied to the electrodes 24 for good electrical contact. 
[0093] Referring now to Fig. 5a, the goal of providing a convenient mechanism for long 
term monitoring of a patient for atrial fibrillation can also be met by a pocket sized unit 
having finger pads 19 also providing the electrodes 24 and operating on batteries so as to 
be set on a tabletop or be carried with the patient for travel. Of course, one skilled in the 
art will recognize that finger pads 19 can also be engaged by a patient's thumb(s). A 
phone connection may be provided through a direct modulation of the piezoelectric audio 
transducer 42 which may be held up to the telephone mouthpiece for use when the patient 
is at or away from home. The modulation technique in this case may be FM rather than 
the modem stile modulation of the modem 44 described above. The remote site may in 
this case include a provision for the patient providing a contact phone number at which 
the patient may be reached or may provide for the patient initiating a call with his or her 
physician or a contact number at the remote site. 

[0094] Referring now to Fig. 5b, as an alternative to the finger pads 19, posts 21 may be 
used spaced so as to be held against the patient's chest across the heart for a reading of 
ECG signals. 

[0095] Referring now to Fig. 6, a number of different patients 70a through 70c may each 
have a corresponding monitor 10a through 10c. At the regular time for patient 
monitoring, patient 70a through 70c may undertake the steps described above and patient 
identifications and/or ECG signals may be sent over the standard telephone network 72 
from the monitors 10a through 10c to a central computer 74 having dial-up capabilities. 
It should be appreciated that network 72 could include a wireless network (e.g., via 
cellular technology). 

[0096] At the central computer 74, a qualified healthcare professional 76 may monitor the 
transmissions 71 and, communicating with a physician-patient database 78 and a 
compliance database 80, manually or automatically make contact with various physicians 
82a through 82c via standard telephone receivers 84 or computer terminals 86, the latter 
communicating with a web server 88. The physician-patient database 78 includes records 
linking particular patients, per patient identifications loaded into the monitors 1 0 5 to 
physicians responsible for those patients. The physician-patient database 78 may include 
phone numbers and e-mail addresses of the physicians and phone numbers of the patients 
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whose use will be described below. The compliance database 80 includes records linking 
patients, per their identifications, to dates on which a compliance signal was received. As 
will be described, the system operates to make use of one or a limited number of qualified 
healthcare professionals 76 to verify the judgments of atrial fibrillation algorithm of the 
monitors 10a through 10c so as to only call physicians 82a through 82c if required, 
reducing any possible false alarms. 

[0097] Referring now to Fig. 7, generally, the computer 74 operates to receive ECG data 
and patient identification data as indicated by process block 90. At decision block 92 the 
data is automatically analyzed to see whether it is in response to a detection of a cardiac 
arrhythmia or is simply compliance data. If the data is compliance data, then the program 
proceeds to process block 94 and the patient compliance database 80 is updated as 
indexed by the patient identification transmitted along with the compliance data. If 
cascading memory scheme 5 1 is implemented, the data is stored in the oldest memory slot 
and tagged with identifying information, including the time of ECG acquisition along 
with an indication of normal or arrhythmatic ECG data along with, if applicable, an 
indication of the arrhythmia detected. 

[0098] The data of the patient compliance database 80 may be posted to the web server 
88 for review by the physician typically using a password protected review process. 
Alternatively, or in addition, a separate program 96 may periodically review the 
compliance database 80 to detect whether compliance is being had and if not, to send e- 
mail to the appropriate physician using the patient's identification to locate the proper 
physician using the physician-patient database 78. 

[0099] Referring again to decision block 92, if cardiac arrhythmia data has been sent, that 
is, ECG data identified by the monitor 1 0 as exhibiting a cardiac arrhythmia, the ECG 
data is presented to the qualified healthcare professional 76 for a review as indicated by 
process block 98, including tag 55. The review may be by means of a standard computer 
monitor or may involve a printing out of the ECG data. 

[00100] At decision block 1 00 the qualified healthcare professional 76 determines 

whether the cardiac arrhythmia is actually present. If the qualified healthcare 
professional 76 concludes that the transmitted ECG data shows a normal heartbeat (and 
that the monitor 10 was mistaken), then the program proceeds to process block 102 and 
the operator is presented, based on the patient identification associated with the data being 
displayed, with a phone number of the patient in the physician-patient database 78. The 
operator may then call the patient to indicate that there was no cardiac arrhythmia so that 
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the patient need no longer wait by the phone. Alternatively, this message may be 
generated electronically through computer techniques well known in the art upon 
command by the qualified healthcare professional 76. 

[00101] Referring again to decision block 100, if a cardiac arrhythmia is shown by 

the ECG data, after instruction by the qualified healthcare professional 76, the program 
proceeds to process block 104 and the qualified healthcare professional 76 is provided 
with the physician's phone number from the physician-patient database 78. The qualified 
healthcare professional 76 may then call a particular physician 82a through 82c to note 
that their patient has a confirmed cardiac arrhythmia (e.g., an episode of atrial fibrillation) 
and to instruct the doctor to review the ECG signals that have been posted to the web 
server 88. Alternatively, or in addition, an e-mail message may be submitted to the 
doctor attaching the ECG data as a graphics file according to techniques well known in 
the art. Again, this message may be provided automatically either by synthesized voice 
over a standard telephone network or by e-mail message. 

[00102] In this way, a machine-diagnosed cardiac arrhythmia may be confirmed by 

a single highly experienced individual, shared among many patients, and a physician need 
only be brought into the loop when the arrhythmia has been confirmed. 
[00103] In accordance with an alternate embodiment of the invention, monitor 10 

can be worn on a patient's person. For instance, referring to Figs. 19, monitor 10 can be 
connected to a strap 47 that can be fastened around a patients wrist or waist. It should be 
further appreciated that monitor 10 could be integrated into a wristwatch. 
[00104] The electrodes 24 can be configured as described above with reference to 

Figs. 4 and 5 and the alternatives described herein. Alternatively, monitor 10 can provide 
virtual momentary contact electrodes 24, one of which extending outwardly away from 
the patient, the other of which extending inwardly from monitor 1 0 so as to be in constant 
contact with the patient's skin. The outwardly facing electrode 24 is engaged by a user's 
hand to begin data acquisition. Alternatively still, both electrodes could face inwardly to 
be in constant contact with the patient, and the microcontroller 36 would sample the 
patient's ECG data at predetermined time intervals upon the expiration of a preset timer. 
A manual override (not shown) can be provided on the face of monitor 30 in the form of a 
button or the like that the patient would activate to initiate ECG data acquisition 
regardless of the time interval. Because only momentary data is acquired by the user- 
worn monitor 10 having electrodes 24 in any of the configurations described above (e.g., 
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one or more times per day) as opposed to constant ECG sampling, the electrodes are 
referred to herein as momentary contact electrodes. 

[00105] The patient-worn monitor 10 includes the components illustrated in Fig. 2. 

However, modem 44 is replaced with a communications module using Bluetooth™ 
wireless technology by installing a Bluetooth microchip incorporating a radio transceiver 
for communication with a corresponding Bluetooth microchip located in the personal 
computer. Alternatively, module 44 can communicate with the personal computer using 
infrared or any alternative well-known wireless technology. 

[00106] The present invention further recognizes that advantages may be achieved 

using multiple arrhythmia detection methods in combination with an ECG monitor that 
does not include momentary contact electrodes, but rather uses permanent electrodes to 
continuously monitor a patent's ECG signal (hereinafter referred to as a "permanent ECG 
monitor"). The components of permanent monitor 310 is illustrated in Fig. 19, and 
includes reference numerals corresponding to like elements of monitor 10 (illustrated in 
Fig. 2) incremented by 300 for the purposes of clarity and convenience. In particular, 
multiple channels of data may be obtained by attaching multiple contact electrodes 324 to 
the patient in the known manner. For example, one contact electrode can be placed on the 
patients left arm, another placed on the patients right arm, and a third electrode placed on 
the patients abdomen or one of the patient's legs so that the electrodes form a triangle. 
Three channels of ECG data may thus be obtained (each channel originating from 
adjacent electrodes). 

[00107] The multiple channels of ECG data are amplified by a corresponding one 

or more amplifiers 332, and fed into a corresponding one ore more analog to digital 
converters 334. Only one amplified 332 and converter 334 is illustrated in Fig. 19. The 
output from converter(s) 324 is sent to a microcontroller 336, including volatile and 
nonvolatile memory 338. Controller 336 is connected to a programming connector 317, 
and one or more indicator lights 326. 

[00108] A detector circuit of the type described above is thus connected to each 

channel of data, such that the permanent ECG monitor can then determine which channel 
exhibits R peaks of the greatest amplitude, and analyze the R-R interval of that channel to 
determine whether any R-R interval-dependent arrhythmias exist using the methods 
described above. Alternatively, any channel may be selected having an R peak greater 
than a predetermined amplitude. The other channel (or possibly the other two channels) 
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can be analyzed using method 200. Redundancy is thus achieved in the event that one of 
the contact electrodes is not adequately connected to the patient. Furthermore, the 
implementation of two arrhythmia detection methods achieves the benefits described 
above with reference to the momentary contact electrodes. 

[00109] During operation, the permanent ECG monitor continuously reads ECG 

data from the patient, and stores data from an immediately previous time frame (e.g., the 
previous 2 minutes of ECG data) in volatile memory. The old data in volatile memory is 
thus constantly being overwritten with new data. If the monitor determines, based on 
either or both arrhythmia detection methods, that the patient is experiencing an 
arrhythmia, an alarm can be activated on a display 357 (or by any other suitable means), 
and the data residing in the volatile memory can be captured and stored in nonvolatile 
memory 338 for future retrieval by the attending physician. Data can also be captured 
from volatile memory and stored into nonvolatile memory upon the activation of a button, 
switch, or the like 349, when the patient exhibits a symptom of a cardiac arrhythmia. 
[00110] It is specifically intended that the present invention not be limited to the 

embodiments and illustrations contained herein, but that modified forms of those 
embodiments including portions of the embodiments and combinations of elements of 
different embodiments also be included as come within the scope of the following claims. 
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